Defects of the homogentisate 1,2 dioxygenase (HGO; E.C. No. 1.13.11.5) have been identified as the molecular cause of alkaptonuria in humans (AKU) and the aku mouse. Here, we report on the genetic basis of 30 AKU patients from Central Europe. In addition to five mutations described previously, we have detected five novel HGO mutations. Recombinant expression of mutated HGO enzymes in E. coli demonstrates the inactivating effect of three of these mutations. A genetic epidemiologic study in Slovakia, the country with the highest incidence of alkaptonuria, demonstrates that two recurrent mutations (c.183-1G > A and Gly161Arg) are found on more than 50% of AKU chromosomes. An analysis of the allelic association with intragenic DNA markers and of the geographic origins of the AKU chromosomes suggests that several independent founders have contributed to the gene pool, and that subsequent genetic isolation is likely to be responsible for the high prevalence of alkaptonuria in Slovakia.
Introduction
Alkaptonuria (AKU, OMIM No. 203500) is the classic example of a metabolic disorder in humans. The excretion of large amounts of 2,5 dihydroxyphenylacetic acid (homogentisic acid, HGA) with the pathognomonic urina nigra of alkaptonuric patients led AE Garrod to hypothesise on a specific metabolic block in the degradation of phenylalanine and tyrosine. In 1908, Garrod extended this notion into his general concept of 'inborn errors of metabolism' (for review see La Du 1 and O'Brien et al 2 ). The high numbers of consanguineous parents of affected children further suggested alkaptonuria to him as one of the first examples of a recessive genetic disease in man which conforms to the first Mendelian law.
Experimental proof of Garrod's postulate came 50 years later. The complete deficiency of homogentisic acid 1,2 dioxygenase activity (HGO; E.C. No. 1.13.11.5) in the liver of an AKU patient was identified as the missing step in the catabolism of tyrosine. 3 This metabolic block explains the accumulation of the intermediary product homogentisate which gives rise to the main clinical symptoms, dark urine and ochronosis. Over the years, polymers of benzoquinone acetic acid are formed from the excess homogentisate and are deposited in cartilage and collagenous tissue as the ochronotic pigment. This can lead to painful and disabling arthropathy of the large joints. 2 However, in contrast to other metabolic disorders, intellectual capacity and life expectancy are not compromised in alkaptonuria. The molecular basis of AKU has only recently been elucidated. As the first gene from any species the hgmA gene of Aspergillus was cloned. 4 The human cDNA was identified by sequence similarity in the EST database. 5 Inactivating missense and frame-shift mutations established HGO defects as the molecular cause of alkaptonuria in man. [5] [6] [7] [8] [9] Independently, the murine HGO cDNA was cloned using amino acid sequence information of the purified enzyme. 10, 11 The mutation of the aku mouse, induced by chemical mutagenesis, inactivates a splice donor site. 12 The disease has been found at low prevalence (about 1 in 250 000) in all ethnic groups studied. Notable exceptions are the Dominican Republic and Slovakia where much higher incidence has been reported. 13, 14 Founder effects as the consequence of migration and genetic isolation have been postulated to explain this observation. Here, we report on HGO mutations in 30 patients from 19 families in Central Europe and on allelic association studies of alkaptonuria patients from the Slovak Republic.
Patients, Materials and Methods
In the Slovak Republic, 21 patients from 12 families have been ascertained by SS and KS. The clinical diagnosis of alkaptonuria and the chromatographic determination of HGA were performed as described elsewhere. 14, 15 In the Czech Republic five patients from four families were referred by ES, and four German patients from three families were referred by clinicians. In one pedigree there were four patients; another pedigree had three affected members; six families had two affected relatives; the remaining 11 families had uniplex cases.
DNA was extracted from lymphocytes by standard procedures. Mutation screening in the HGO gene was done by amplification of all exons from genomic DNA, followed by SSCP and direct sequencing as reported earlier 6 or by restriction enzyme digests as listed in Table 1 . Intragenic DNA markers D3S4556 and D3S4497 were typed according to existing procedures. 7, 16 Murine HGO cDNA 13 was cloned into the expression vector pQE-30™ (Quiagen, Hilden, Germany) and transfected into the E. coli strain M15. Site-directed mutagenesis with the QuickChange™ kit (Stratagene, Heidelberg, Germany) was used to introduce human AKU mutations. Mutant clones were verified by sequencing. Western blots of E. coli extracts with HGO antibodies confirmed that all recombinant proteins were produced in equivalent amounts (data not shown). Recombinant HGO activity was measured by spectrophotometry. 16 The ATG start codon is at position c.168. (GenBank accession No. U63008). b The mutations on two AKU chromosomes remain to be identified.
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Results
Mutations in the HGO Gene
All 14 exons of the HGO gene were screened in the 19 index cases by SSCP analysis and direct sequencing of aberrant fragments. In total 10 different mutations were found (Table 1) , five of which had been reported in earlier studies. [5] [6] [7] [8] The Gly161Arg (c.648G > A) mutation which we had previously described in a single family 6 turned out to be the most prevalent AKU mutation in both Slovak and Czech patients. It has been observed on 15 of the 38 unrelated AKU chromosomes studied, thus accounting for 39.5% of all disease alleles in the 19 index patients. Five novel mutations have been identified.
1) An exchange of the first nucleotide of the splice acceptor site in intron 1 (c.183-1G > A) which is likely to abolish effective splicing of exon 2. This is the second most frequent mutation seen in our cohort, affecting five index patients of Slovak and Czech origin, and representing a further 13% of all independent AKU alleles studied.
2) A missense mutation Leu25Pro (c.241T > C) has been observed on both alleles in one German patient.
3) The splice donor site of intron 5 was found mutated (c.509 + 1G > A) on one chromosome in a Czech patient. Again, this should lead to skipping of exon 5.
4) A single Slovak patient was heterozygous for the mutation Gly270Arg (c.975G > A).
5) An insertion of a seventh cytosine in a row of six (c.1278insC) has been observed in three apparently unrelated Slovak families originating from the same location in north-west Slovakia (Figure 2) . This truncating mutation predicts a frame shift after Pro370 and a premature stop codon at amino acid position 374.
Twelve of the patients were 'pure' homozygotes and 18 were compound heterozygotes; in two of the latter the second allele remained unidentified. The combination of alleles in affected individuals are evident from Table 2 .
Recombinant Expression of HGO Mutations
The murine HGO cDNA was expressed in E. coli and the activity of the recombinant enzyme was determined following the conversion of homogentisate to maleylacetoacetate spectrometrically at 330 nm. 10 The human AKU mutations Gly161Arg, Met368Val and c.1278insC were introduced into the wild-type murine cDNA by site-directed mutagenesis. All three mutations reduced the enzyme activity to background levels ( Figure 1 ). 
Allelic Association Studies and Geographical Origin of the HGO Mutations in Slovakia
From our mutation analysis it was evident that the high prevalence of AKU in Slovakia is caused by a variety of mutations. In order to determine the chromosomal background of the different mutations, the intragenic markers D3S4556 and D3S4497 were typed in the Slovak AKU families. This allowed a 'mini' haplotype to be constructed for each AKU chromosome. The second chromosomes of both the parents and grandparents were used as controls for the frequency of the non-AKU haplotypes. In Table 3 the observed haplotypes and their association with the four recurrent HGO mutations are listed.
To determine the geographical origin of the different HGO mutations in Slovakia, the birthplaces of the two oldest known gene carriers from each AKU family were plotted on the map of Slovakia (Figure 2 ). Seven families bearing five different mutations originate from a small location in north-west Slovakia called Kysuce, close to both the Czech and Polish borders. The origins of the other mutations, in particular the most prevalent Gly161Arg mutation, are scattered across the country.
Discussion
Allelic Heterogeneity of Alkaptonuria
Our study brings to 21 the number of HGO mutations causing alkaptonuria and demonstrates a remarkable allelic heterogeneity of the disease in Central Europe. Two mutations (c.183-1G > A and Gly161Arg) account for 20 of the 38 disease alleles in the index cases (52.6%).
In particular, it is clear from our data that the high incidence of AKU in Slovakia cannot only be explained by a single founding event. In total seven different mutations have been identified in 12 families from that country. Three mutations (c.624insG, Gly270Arg, c.1278insC) have not yet been found outside Slovakia. Interestingly, two of the mutations observed in Slovak patients, Pro230Ser and Val300Gly, were reported previously in Spanish, Turkish, French and German families. 7 The spectrum of HGO alleles in the five AKU patients from the Czech Republic overlaps the Slovak mutations with one exception. The splice site mutation c.509 + 1G > A affects the same nucleotide as a mutation described in a Dutch patient. 7 However, whereas a G to T transversion was reported there, we have found a G to A transition at the same position. Both base exchanges, however, replace the canonical first G of the consensus donor splice site and are therefore likely to cause skipping of the preceding exon 5.
Three of the four German AKU patients share the Met368Val mutation which has been previously reported in one French and one German family. 7 It may therefore represent a more frequent HGO mutation in Central Europe. The fourth patient from Germany was homozygous for the Leu25Pro mutation described here for the first time.
Recombinant Expression of HGO Mutations
All missense mutations reported in this study affect amino acids which are conserved in the HGO genes of all species sequenced so far (data not shown). Therefore, the mutagenesis of these sites in the cloned murine cDNA which shows 88.4% similarity to the human sequence was expected to have functional effects. On expression in E. coli, the two missense mutations 
Geographic Origin of HGO Mutations in Slovakia and Allelic Association Studies
Slovakia has the highest incidence of AKU world-wide with 1 in 19 000 inhabitants. 14 We have traced the birthplaces of the oldest known gene carriers in each family in order to assess the geographic origin of the various mutations in historical times (Figure 2) . A remarkable clustering and a high allelic heterogeneity of AKU was found in the Kysuce district in north-west Slovakia. Seven families representing five different mutations originate from a population of only 125 500 inhabitants. The c.1278insC mutation was exclusively found in this region. This high incidence is likely to reflect the low mobility of this rural population up to the middle of the 20th century. The diversity of mutations in this area is more difficult to explain but not without precedence. Allelic heterogeneity has been reported for a number of genes in small, isolated populations [17] [18] [19] [20] and the possible mechanisms have been discussed. 21 Typically, such populations show a high degree of consanguineous marriages, which also holds true for this Slovak population in the past. All other mutations, in particular the two prevalent ones, c.183-1G > A and Gly161Arg, are found all over the country.
From the allelic association studies of the two intragenic markers D3S4497 and D3S4556 it is evident that in eight of the 11 Slovak families the Gly161Arg mutation resides on the haplotype 189-191. More strikingly, the c.183-1G > A transition occurred on the haplotype 179-199 in all five families (Table 3) . Both haplotypes have not been observed on the non-AKU control chromosomes and are therefore not likely to be frequent in the general population. This suggests independent ancestral founders for each of these mutations and subsequent genetic drift. In contrast, the three families with the c.1278insC mutation, all originating from the Kysuce district, show two different haplotypes (Table 3 ).
In conclusion, the molecular epidemiology of alkaptonuria in Slovakia has shown that the disease is caused by a diversity of mutations. The results from the Kysuce district may represent another example of the 'La Réunion paradox', ie the high prevalence and allelic heterogeneity within a small, isolated population. 19 A high mutation rate and selective advantage of heterozygotes could be contributing factors. However, there is no evidence that either one might apply to AKU. It is known that several ethnic groups have immigrated into Slovakia at different times in history, including Ukrainian, Hungarian and Romanian people. Therefore, it is conceivable that several founders could have contributed to the pool of HGO alleles. The prevalence of two mutations which are easily detectable by PCR-RFLP and together cover about 52% of all disease alleles provide a basis for a rapid heterozygote screening in the Slovak population. 
